Simultaneous measurements are described of specific heat capacity, electrical resistivity and hemispherical total emittance of the ternary alloy 90Ti-Al-4V in the temperature range 1450 to 1900 K, and the melting point and and the radiance temperature at the melting point of the alloy by a subsecond duration transient technique. The results are expressed by the relations: where c p is in J • g _1 • K -1 , p is in /Lift • cm, and T is in K. The value of the hemispherical total emittance is 0.39 in the range 1700 to 1900 K. The melting point and the radiance temperature at the melting point are 1943 and 1796 total emittance of the ternary alloy 90Ti-6Al-4V in the temperature range 1450 to 1900 K, and the melting point 0.395. Estimated inaccuracies of measured properties are: 3 percent for specific heat capacity, 1 percent for electrical resistivity, 5 percent for hemispherical total emittance and 8 K for melting point and radiance temperature at the melting point.
Introduction
In this paper, application of a transient technique to the measurement of selected thermophysical properties (specific heat capacity, electrical resistivity, hemispherical total emittance, melting point, 1 radiance temperature 2 at the melting point) of the alloy 90Ti-6Al-4V above 1450 K is described.
The method is based on rapid resistive self-heating of the specimen from room temperature to its melting point in less than one second by the passage of an electrical current pulse through it; and on measuring, with millisecond resolution, such experimental quantities as current through the specimen, potential drop across the specimen, and specimen temperature. Detailes regarding the construction and operation of the measurement system, the formulation of relations for properties, the methods of measuring experimental quantities, and other pertinent information are given in earlier publications [1, 2] 3 .
Measurements

Specimens
The measurements of specific heat capacity, electrical resistivity, hemispherical total emittance, and melting point were performed on four specimens in the form of tubes. The tubes were fabricated from rods by removing the center portion using an electro-erosion technique. The nominal dimensions of the specimens were: length: 76.2 mm; outside diameter, 6.3 mm; and wall thickness, 0.5 mm. A small rectangular hole (0.5 X 1 mm) fabricated in the wall at the middle of the specimen approximated blackbody conditions for optical temperature measurements. The outer surfaces of the specimens were polished to reduce heat loss due to thermal radiation.
The radiance temperature measurements at the melting point were performed on specimens in the form of strips fabricated from a plate. The nominal dimensions of the strips were: length, 51 mm; width, 4.7 mm, and thickness, 0.25 mm. Before the experiments, the surface of the specimens was treated using abrasive; three different grades of abrasive were used yielding three different surface roughnesses (ranging from approximately 0.4 to 0.9 jLtm RMS) for different specimens.
The specimen material in rod and plate form was furnished by the U. S. Air Force Materials Laboratory, Wright Patterson Air Force Base, Ohio, and comprised two different lots of material. Chemical analyses of the material which are listed in table 1, show slight differences in composition. The rod material, from which the tube-shape specimens were fabricated, was hot swaged and the structure was composed of primary alpha titanium together with some acicular alpha + retained beta. The plate material, from which strip-shape specimens were fabricated, showed evidence of an elongated grain structure comprising primary alpha and beta. Photomicrographs of the two structures are shown in figure 1. • .
•, '
At low temperatures and at vanadium contents greater than 3 percent, the equilibrium structure of this alloy comprises a mixture of the alpha and beta phases, although the actual structure will depend upon the heat treatment conditions. Above about 1300 K, the exact temperature depending upon composition, the alloy transforms to wholly beta. To ensure that the transformation was completed below 1450 K an additional experiment was performed in which the electrical resistance of a tube-shape specimen was measured during its heating from room temperature to the melting point (in 480 ms). The results, as shown in figure 2 indicate that the transformation occurred over a wide temperature range and that it was completed at about 1400 K, which is below the range of the results on thermophysical properties obtained in the present investigation. 
Procedure
Results
All the experiments were performed with the specimen in an argon environment at atmospheric pressure. To optimize the operation of the high-speed pyrometer, the temperature interval (1450 to 1943 K) was divided into three ranges. This yielded a total of twelve experiments on four tube-shape specimens. Duration of the current pulses in experiments on tube-shape specimens ranged from 400 to 500 ms, with heating rales ranging from 2600 to 3800 K*s _1 . Duration of the current pulses in experiments on strip-shape specimens ranged from 400 to 800 ms, with healing rales ranging from 1300 to 2200 K-s '. Radiative heal loss from the tube-shape specimens was, in all cases, less than 2 percent al 1500 K and less than 5 percent at 1900 K of the input power.
The thermophysical properties reported in this paper are based on the International Practical Temperature Scale of L968 |3|. In all computations, the geometrical quantities are based on their room temperature (298 K) dimensions. The experimental results on specific heat capacity and electrical resistivity are represented by polynomial functions in temperature obtained by least squares approximation of the individual points. The final values on these properties, at 50 degree temperature intervals, computed using the functions are presented in table 2. The results obtained from individual experiments are given in the Appendix.
Specific Ileal Capacity: Specific heal capacity was computed from data taken during the heating period. A correction 
where T is in K and p is in flil • cm. In the computations of the specimen's cross-sectional area, which is needed for the computations of electrical resistivity, the density of the specimen was taken as 4.422 g-cm -3 . The measurement, before the pulse experiments, of the electrical resistivity of the four tube-shape specimens at 293 K with a Kelvin bridge yielded an average value of 166.2 /xll • cm with an average absolute deviation of 0.1 percent and a maximum absolute deviation of 0.2 percent. Hemispherical Total Emittance: Hemispherical total emittance was computed using data taken during both heating and initial free radiative cooling periods. The results of measurements in the temperature range 1700 to 1900 K did not show any significant variation in emittance. A value of 0.39 was obtained by averaging all the results (standard deviation = 2%). Melting Point: Temperature of the tube-shape specimens was measured near and during the initial melting period until the specimen collapsed. A plateau in temperature indicated the transition from solid to liquid phase. Typical results for the variation of the specimen temperature during melting are shown in figure 3 . The melting point for each specimen was obtained by averaging the temperature points on the plateau. The results are presented in table 3. The average melting point of the four specimens is 1942.6 K with an average absolute deviation from the mean of 0.4 K and a maximum absolute deviation of 0.8 K. It may be concluded that the melting point of the titanium alloy measured in this work is 1943 K. Radiance Temperature at the Melting Point: Radiance temperature measurements were performed on the strip-shape specimens at 653 nm which corresponds to the effective wavelength of the pyrometer's interference filter. The bandwidth of the filter was 10 nm. The circular area viewed by the pyrometer was 0.2 mm in diameter. Typical results for the variation of the specimen radiance temperature during melting are shown in figure 4 . A single value for the radiance temperature at the plateau was obtained by averaging the temperatures at the plateau. The results are presented in table 4. The average radiance temperature at the melting point for the specimens is 1795.6 K with an average absolute deviation of 0.2 K and a maximum absolute deviation of 0.4 K. It may be concluded that the radiance temperature of the titanium alloy measured in this work is 1796 K. Normal Spectral Emittance: The normal spectral emittance at the melting point was determined using the results of the radiance temperature (obtained from the measurements on strip-shape specimens) and the melting point (obtained from the measurements on tube-shape specimens). The results yield a value of 0.395 for the normal spectral emittance (at 653 nm) at the melting point of the alloy. 
Estimate of Errors:
The details of estimating errors in measured and computed quantities using the present measurement system are given in an earlier publication [2] . In this paper, the specific items were recomputed whenever the present conditions differed from those in the earlier publication. The results are summarized in table 5. 0 Imprecision refers to the standard deviation of a quantity as computed from the difference between measured value and that from the smooth function obtained by the least squares method. 6 Inaccuracy refers to the estimated total error (random and systematic).
Discussion
Considering the wealth of literature data on 90Ti-6Al-4V there is remarkably little information on the physical properties of this alloy and data at temperatures above 1000 K does not appear to have been obtained. In figures 5 and 6 the smoothed values for specific heat capacity and electrical resistivity listed in table 2 are plotted together with the limited amount of low temperature data available in the literature. From figure 5 , it can be seen that the specific heat capacity data of Ziegler and Mullins [4] may be reasonably extrapolated to join up with the present data. -^ The electrical resistivity data on 90Ti-6Al-4V reported by Deem et al. [5] covers the temperature range 310 to 810 K and shows evidence of a maximum around 800 K. Ermolaev [6] has measured the electrical resistivity of a titanium alloy containing 5 percent Al and 4 percent V up to 1000 K and his results are some 4 to 12 percent lower than the data of Deem et al. However, a definite maximum is observed around 800 K. These results, together with those of the present work, are presented in figure 6 . The room temperature value obtained in the present work is about 2.5 percent below the value of Deem et al., but such a difference can be accounted for by variations in specimen structure. If figure 6 is inspected together with figure 2 then it is apparent that low temperature resistivity values follow the trend indicated by Deem et al. and Ermolaev, namely that resistivity increases to a maximum and then decreases. The data of the present work indicate that electrical resistivity decreases until 1250 K where the curve shows a kink but still decreases until 1400 K above which resistivity begins to increase steadily up to 1900 K. Above 1400 K, the resistivity results pertain to the beta phase. Below 1400 K however, a number of solid state reactions may be occurring, chief of which are the reactions whereby alpha prime decomposes to alpha 4-beta and, at high temperatures, alpha will decompose to beta. Additionally, beta is metastable at low temperatures and will itself decompose to alpha. Since these are kinetic processes affected by the heating rate, it is difficult to predict the behavior of this alloy unless further work is done involving the heating of alloys carefully heat treated to produce different structures.
No data have been found in the literature on the hemispherical total emittance of the alloy 90Ti-6Al-4V that correspond to the specimen conditions and the temperature range of the measurements of the present work. The value of the hemispherical total emittance for a similar alloy at the highest reported temperature (about 1200 K) in the literature [7] is 0.47 which corresponds to a specimen with a rough surface. This high value compared to 0.39 (the value of the present work) may be attributed primarily to the differences in the specimen surface conditions.
Measurements of the normal spectral emittance at 665 nm on several titanium alloy specimens under different conditions were reported in the literature [8] for temperatures up to about 1700 K. The reported results for the specimen and conditions that closely match those of the present work indicate a nearly linear variation of emittance with temperature in the range 1200 to 1700 K. Extrapolation of these results to the melting point of the alloy (1943 K) yields a value of 0.369 for the normal spectral emittance, which is about 7 percent lower than the value of 0.395 obtained in the present work. This difference may not be very significant due to the fact that specimens were different and the literature results were extrapolated to the melting point.
According to a compilation on melting points [9] , the results, reported by different investigators, of the melting point of pure titanium are in the range 1933 to 1953 K. The value 1943 K obtained in the present work for the alloy is compatible with the above.
In the present experiments related to melting (true temperature obtained using tube-shape specimens and radiance temperature obtained using strip-shape specimens), it was not possible to follow the entire melting process because the specimen collapsed and opened the main electrical circuit prior to the completion of melting. However, good quality horizontal plateaus were obtained during the initial melting period which are more of a characteristic of pure metals.
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